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博士論文の要旨  

 

氏 名 唐木 智充  

論 文 題 目  Characterization of inhibitory connections originating from CCK/CB1-positive 

interneurons in mouse primary visual cortex 

 

In the cerebral cortex, there are various subtypes of inhibitory interneurons present. 

Perisomatic inhibition is mediated by two classes of interneurons that express either the 

neuropeptide cholecystokinin (CCK) or the calcium-binding protein parvalbumin (PV). 

Inhibitory synaptic connections originating from PV interneurons are strengthened after 

eye-opening during postnatal development in the primary visual cortex (V1), leading to 

the opening of critical periods of experience-dependent plasticity. It has been reported 

that CCK-positive interneurons express cannabinoid receptor type 1 (CB1), which plays 

an important role in the development and plasticity of V1. However, functional synaptic 

properties due to the CCK/CB1-positive interneuron subtype in V1 and their 

developmental process remain unclear.  

In this thesis, the proportion of interneurons expressing CCK and CB1 in each 

layer of mouse V1 were first examined by immunostaining for proCCK, a precursor of 

CCK, and CB1 using VGAT-Venus transgenic mice that had all interneurons labeled by 

Venus. The percentage of proCCK/CB1 double-positive cells were less than 5% in all 

layers at two different ages (postnatal 12–13 days, [P12–13] and P21). Additionally, 

some percentage of interneurons were proCCK-negative but CB1-positive P12–13, 

while these interneurons were almost undetectable at P21. These immunostaining 

results demonstrated that the proportion of CCK/CB1-positive interneurons was quite 

small in V1. 

Electrophysiological analysis targeting CCK/CB1-positive interneurons in V1 

appears difficult, owing to the small number of this interneuron subtype. Thus, CCK -

IRES-Cre; Dlx5/6-Flpe; RCE-dual mice were used, which were expected to express 



green fluorescent protein (GFP) only in CCK-positive interneurons. Immunostaining for 

interneuron subtype marker proteins was conducted to confirm the subtypes of the GFP -

positive cells found in these triple transgenic mice. At P21-24, cells expressing either 

proCCK or CB1 accounted for half of the total GFP-positive cell; however, PV, 

somatostatin, and neuropeptide Y (NPY) -positive cells were also present in a non-

negligible proportion. None of the somatostatin-, PV-, or NPY-positive cells expressed 

CB1, suggesting that CCK/CB1-positive cells can be separated from other interneuron 

subtypes by CB1 immunostaining. The percentage of CCK/CB1 double-positive cells in 

the GFP-positive cells was much higher in the triple transgenic mice than in the VGAT-

Venus transgenic mice. Therefore, to analyze functional synapses originating from 

CCK/CB1-positive interneurons in V1, GFP-positive cells in the triple transgenic mice 

were recorded using whole-cell patch-clamp techniques, and the recorded interneuron 

subtype was confirmed using post hoc immunostaining for CB1.  

To investigate developmental changes in inhibitory postsynaptic currents 

(IPSCs) from CCK/CB1-positive interneurons to pyramidal cells, dual whole-cell patch-

clamp recordings were conducted from these cells residing in layer 2/3 of V1 slices 

prepared from the mice at three developmental stages: P10–13, before eye-opening; 

P15–18, just after eye-opening and P21–25; during critical periods of visual response 

plasticity. The majority of recorded GFP-positive neurons demonstrated non-fast 

spiking (non-FS) firing patterns at all ages. Most of the non-FS cells were CB1-positive 

and some were somatostatin-positive. All GFP-positive cells with FS firing patterns 

were CB1-negative. Inhibitory connections from CCK/CB1-positive interneurons were 

detected in 41.4% of the recorded pairs at P11–13. The percentage decreased during 

development, and only 12.9% of the pairs were connected with inhibitory synapses at 

P21–25. In some experiments, the recorded cells were immunostained for proCCK in 

addition to CB1. The connection probability from proCCK-negative but CB1-positive 

cells to pyramidal cells tended to be higher than that from proCCK/CB1-double positive 



cells, suggesting that the high connection probability at P11–13 may be owing to 

presence of many inhibitory connections from proCCK-negative but CB1-positive cells 

found only at P11–13. Finally, the IPSCs from the CCK/CB1-positive interneurons were 

characterized. There were no significant differences in amplitude, kinetics, and the 

paired-pulse ratio of the IPSCs among the three age groups. At al l ages, the success rate 

of inhibitory transmissions was quite low. In contrast, IPSCs originating from FS cells 

or somatostatin-positive cells to pyramidal cells had high success rates. These results 

suggest that inhibition of CCK/CB1-positive interneurons is unreliable irrespective of 

age. The regulation of inhibitory synaptic transmission from CCK/CB1-positive cells 

by CB1 activation was also examined. It was observed that the application of CB1 

agonist significantly decreased IPSC amplitude and success rate, while CB1 antagonist 

tended to have opposite effects. These electrophysiological results suggested that CCK 

neurons were involved in perisomatic inhibition in V1 when inhibitory connections from 

PV neurons were immature before eye-opening. 

In conclusion, a method to identify CCK/CB1-positive interneurons in mouse 

V1 by combining the use of transgenic mice with marker protein expression analysis 

was established. Using this method, it was detected that inhibitory connections from 

CCK/CB1-positive interneurons to pyramidal neurons decrease during postnatal 

development and that synaptic transmissions are less efficient at all ages and modified 

by CB1. 

 






